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ORIGINALITY 
This project develops an accurate, low-complexity computational model for optimizing the solder ball 
interconnects of a power module with 3D architecture in regard to parasitic inductance. Mathematical model-
based software currently exists to accommodate 2D topologies, but not 3D. Finite element analysis 
simulations can accomplish this task, but with significant time and computational requirements. 
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Abstract - PowerSynth is a software platform that can co-optimize power modules utilizing a 2D 
topology and wire bond interconnects. The novel 3D architectures being proposed at the University 
of Arkansas utilize solder ball interconnects instead of wire bonds. Therefore, they currently cannot 
be optimized using PowerSynth. This paper examines methods to accurately model the parasitic 
inductance of solder balls and ball grid arrays so they may be implemented into software for 
optimization. Proposed mathematical models are validated against ANSYS Electromagnetics Suite 
simulations. A comparison of the simulated data shows that mathematical models are well suited for 
implementation into optimization software platforms. Experimental measurements proved to be 
inconclusive and necessitate future work.  
 
I. INTRODUCTION 
Optimization software tools are being developed to improve electrical and thermal characteristics of wide 
bandgap power modules with demonstrable success. Power module loop inductances [1], thermal 
management, and power dissipation [2] have been modeled mathematically and by finite element analysis 
(FEA). One such software tool, PowerSynth, uses mathematical modeling to provide layout optimization 
at a rate three to four orders of magnitude more rapid than FEA [3]. 
One area of interest for power module optimization at the University of Arkansas is to develop 
alternatives to wire bond packaging techniques. They are a point of failure in thermal management of the 
package and contribute a non-negligible portion to the power loop inductance [4]. A solution is to utilize 
solder ball arrays (SBA) which are similar in form to Flip-Chip Ball Grid Arrays (FC-BGA). FC-BGAs 
Modeling Solder Ball Array Interconnects for 
Power Module Optimization 
Paul R. Swearingen, Member, IEEE 
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are 3D architectures that reduce switching distortion, on-state resistance, and power loop inductance [5] 
[4]. Ball grid array (BGA) packages use solder balls as interconnects in place of wire bonds. They are 
utilized to improve the thermal and electrical characteristics of integrated circuits usually in the form of 
microprocessors. Their parameters have been studied for RLC models of high frequency applications 
greater than 100 MHz [6], [7]. Wire bonds are the paradigm of wide bandgap power module packaging. 
As such, PowerSynth currently has no models for 3D architectures such as SBAs. 
This paper endeavors to accurately model the parasitic inductance of solder balls and SBAs with 
optimization in mind. A successful model must be precise and require a reasonably small amount of 
computation. The mathematical models developed herein are validated against ANSYS Q3D simulations 
for varying solder ball geometries, diameters and arrays. Section II will replicate the self-inductance of a 
solder ball with a geometrically approximated formula. Section III will examine the skin effect on complex 
impedance. Section IV will construct a formula of the total inductance of a BGA while considering 
magnetic coupling between interconnects. Section V will examine the procedures and results of 
experimental measurements. Section VI will discuss future work for the topic. Lastly, section VII will 
conclude the work with discussion on implementation and other necessary validation.  
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             (a)                                                        (b) 
 
 
Figure 2. Reflowed solder ball is defined by geometric parameters. 
 
II. SOLDER BALL SELF-INDUCTANCE 
Solder ball interconnects owe their electronic packaging advantages to their geometry. Their larger 
cross section and shorter length decrease current density, losses and self-inductance. Figure 1 
demonstrates the two orders of magnitude reduction of current density of a solder ball (a) compared with 
a wire bond (b). The data was extracted from simulations performed in ANSYS Q3D software.  
 
Figure 1. Geometry determines current density of (a) solder balls and (b) wire bonds. 
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A. Geometric Characterization 
Solder balls are initially spherical pre-reflow as their name implies. Volume and reflow processes 
determine the standoff height, under bump metallurgy (UBM) diameter, and contact angles as seen in Fig. 
2. This deformation throughout the reflow process determines fatigue life. Reference [8] demonstrates 
that a more acute upper contact angle and higher UBM diameter to height ratio is a more reliable geometry. 
This should be considered while comparing the results in Subsection F. 
 
B. Solder Geometry Calculation 
Reliably predicting the geometry of a solder ball after reflow is of interest for the experimental 
validation of impedance models. Chiang and Yuan [9] have presented an evaluation of three solder ball 
shaper prediction models: truncated sphere theory, force-balanced analytical solution, and the energy-
based method. Their conclusion was that all three models sufficiently replicate a reflowed solder ball’s 
geometry. Since the simulated solder balls in this paper are modeled as truncated spheres, the truncated 
sphere theory will be used to compare the results of calculations, simulations and experiment. 
The truncated sphere theory uses the known variables of pad radii and solder ball volume to predict 
the diameter and standoff height after reflow. The prediction is based on the assumption that the reflowed 
solder completely covers a wettable pad and does not flow past the pad boundaries. A solder ball before 
reflow is assumed to be spherical, so its volume is given as 
 
𝑉 =
4𝜋 ∗ 𝑟3
3
 
(1) 
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where r is the radius of a non-truncated sphere. After double truncation, the solder ball parameters of 
lower pad radius (a), upper pad radius (b), height (h), radius (R), and volume (V) are given in Eqs. (2)-
(4). 
 ℎ = √𝑅2 − 𝑎2 + √𝑅2 − 𝑏2 (2) 
 
𝑅 =
√ℎ4 + 2 ∗ ℎ2 ∗ (𝑎2 + 𝑏2) + (𝑎 + 𝑏)2(𝑎 − 𝑏)2
2 ∗ ℎ
 
(3) 
 𝑉 =
𝜋
12ℎ3
∗ [𝐴(𝐴2 + 6𝑎2 ∗ ℎ2) + 𝐵(𝐵2 + 6𝑏2 ∗ ℎ)] (4) 
 
where 
 𝐴 = √ℎ2 + (𝑎2 − 𝑏2)2 + 2 ∗ (𝑏2 − 𝑎2) ∗ ℎ2 (5) 
 𝐵 = √ℎ2 + (𝑎2 − 𝑏2)2 + 2 ∗ (𝑎2 − 𝑏2) ∗ ℎ2 (6) 
For the purpose of this paper, the upper and lower pads are assumed to be the same size, a = b. This volume 
equation is then simplified further: 
 
𝑉 =
𝜋 ∗ ℎ
6
∗ [ℎ2 + 3 ∗ (𝑎2 + 𝑏2)] 
(7) 
If the standoff height is known, then the radius and volume can be solved. Likewise, using Eqs. (2)-
(4), radius, height and volume may be calculated if one of the three are known. These formulae are 
beneficial because the mathematical models discussed in this paper require the closest geometrical 
equivalent to a solder ball. The experimental solder ball’s post-reflow, standoff height is known. 
Therefore, its truncated, spherical radius is also known using Eq. (3).  
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C. Self-Inductance Formula 
After reflow, solder balls will vary from spherical to cylindrical geometry throughout the SBA. For 
this reason, it is difficult to model its self-inductance with predetermined spherical volume integrals using 
Eq. (8) from [10]. 
 
𝐿 =
𝜇0
4𝜋
∗
1
𝐼2
∬𝐽1̅ ∙ 𝐽2̅
𝑑𝜏1𝑑𝜏2
𝑟12
 
(8) 
where 𝐽1̅ and 𝐽2̅ are the current density vectors, 𝑑𝜏1 and 𝑑𝜏2 are the volume elements, and 𝑟12 is the 
distance between points. 
This challenge may be circumvented with a geometric approximation for a reflowed solder ball. An 
alternative formula is that of a straight, cylindrical wire also found in [8].  
 
𝐿 =
𝜇0
2𝜋
[𝑙 ∗ log (√𝑙2 + 𝑅2 + 𝑙) − 𝑙 ∗ (log𝑅 −
1
4
) − √𝑙2 + 𝑅2 + 0.905415 ∗ 𝑅] 
(9) 
where log is the natural logarithm, 𝑙 is the length of the wire, R is the radius, and 𝜇0 is the permeability of 
free space. 
 
D. Calculations Using Formula 
The claim of Eq. (3)’s validity is made with the assumption that the mean final interconnect geometry 
will be similar to a cylinder with marginal variability. This can be verified by comparing the outputs of 
the formulaic model with simulation data of a 3D model over a range of radii and heights. The formula is 
calculated in MATLAB with radius (R) and standoff height (𝑙) as independent variables. Four solder balls 
with heights 6, 8, 10 and 12 mils are chosen so that the effects of radius on self-inductance may be 
observed (Fig. 3). 
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E. 3D Solder Ball Modeling 
The reflowed solder balls are modeled in Solidworks. The 3D models maintain a spherical geometry 
as height and width are varied i.e. if the radius is held constant while the height decreases, cross sections 
of the sphere are removed at the top and bottom of the axis to create a double truncated sphere. A solder 
ball with equal height and radius will more resemble a cylinder as seen in Fig. 4 (a). A solder ball with 
height near double the radius will be a nearly complete sphere as seen in Fig. 4 (b). Four solder balls with 
heights 6, 8, 10 and 12 mils are created with varying radius so that the effects of radius on self-inductance 
may be compared with calculated values. 
  
Figure 3. Self-inductance of cylindrical wire is a function of height and radius. 
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    (a)                                                 (b)                                     
Figure 4. 3D Models of reflowed solder balls of 12 mil height are truncated spheres. (a) 12 mil radius is 
cylindrical. (b) 6.5 mil radius is spherical. 
 
 
 
Figure 5. Self-inductance of cylindrical wires and spherical solder balls converges with greater radius to 
height ratio.  
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F. Simulation Parameters and Results 
The simulations are performed in ANSYS Electromagnetics Suite. The Solidworks models are 
imported into the Q3D Extractor and assigned to be signal nets. The flat faces are chosen to be the source 
and sink excitations. The solutions are set up to extract AC inductance and resistance at 500 kHz. This 
frequency is chosen to replicate the function of a wide bandgap power module. Each simulation completes 
10 passes to refine the data. The inductance data may be applicable for frequencies up to 500 MHz as 
found in [11].  
 
G. Comparison of Results  
Figure 5 presents a comparison of calculations and the simulation data. An intermediate simulation 
data point of 6.5 mils radius for a 12 mils height solder ball is included because a 12 mils height solder 
ball is a non-truncated sphere when its radius is 6 mils. No other data points are included for this radius 
because the solder balls are truncated at 6 mils for every other height.  
There is less than 5% error for heights 6 mils and 8 mils when the radius is equal to or greater than the 
height. The largest divergence is seen when the height is greatest (12 mils) and the radius least (6.5 mils). 
This is most similar to a complete sphere, which is an undesirable geometry for a reflowed solder ball due 
to its larger upper contact angle [8]. In short, the mathematical model converges within 5% error of the 
simulated model as the solder ball sphere height decreases due to truncation. If packaging processes 
maintain geometries with a reasonable upper contact angle and high UBM diameter to height ratio, this 
formulaic model is appropriate for reliable package optimization calculations. 
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III. COMPLEX IMPEDANCE DUE TO THE SKIN EFFECT 
Up to this point, frequency has been mostly neglected when considering the impedance of an SBA. 
This may not be a correct assumption as frequency becomes large. Resistance of a cylindrical wire 
significantly increases with frequency due to the skin effect. Inductance inversely decreases with 
frequency. This section focuses on developing a mathematical model to characterize the effect on 
impedance from frequency. The results of the model will be validated against simulations. 
The basis of the model is derived by Gatous and Pissolato [12]. The work sets forth a method to find 
equivalent impedance by dividing the cross-section of a cylindrical conductor into k circuit elements with 
complex impedance. The total impedance is found as a ratio of the voltage drop along the surface of the 
conductor to the current enclosed by it. Bessel functions are used to define the expressions for the real and 
imaginary parts. By solving Maxwell’s wave equation, the transient formulation of the sum of the currents 
is obtained. 
 The admittance and hence the impedance is found by employing a Fourier transform and the 
convolution theorem. The resulting expression of admittance is 
  
𝑌(𝜔) = ∑
1
𝑅𝑘 + 𝑗𝜔𝐿
∞
𝑘=1
 
(10) 
where 
 
𝑅𝑘 =
𝜉𝑘
2
4𝜋𝜎𝑟2
 
(11) 
and 𝜉𝑘are the roots of the Bessel function 
 
𝜉𝑘 =
(2𝑘 − 1)𝜋
2
+
𝜋
4
 
(12) 
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The real and imaginary parts of the admittance equation are solved for by substituting in the preceding 
equations to the expression for impedance Z(ω). This results in Eqs. (14) and (15), where R(ω) is resistance 
per meter and L(ω) is the inductance per meter of the conductor. 
  𝑍(𝜔) = 𝑅(𝜔) + 𝑗𝜔𝐿(𝜔) (13) 
 
𝑅(𝜔) =
∑
𝑅𝑘
𝑅𝑘
2 + 𝜔2𝐿2
∞
𝑘=1
(∑
𝑅𝑘
𝑅𝑘
2 + 𝜔2𝐿2
∞
𝑘=1 )
2
+ 𝜔2 (∑
𝐿
𝑅𝑘
2 + 𝜔2𝐿2
∞
𝑘=1 )
2 
(14) 
 
𝐿(𝜔) =
∑
𝐿
𝑅𝑘
2 + 𝜔2𝐿2
∞
𝑘=1
(∑
𝑅𝑘
𝑅𝑘
2 + 𝜔2𝐿2
∞
𝑘=1 )
2
+ 𝜔2 (∑
𝐿
𝑅𝑘
2 + 𝜔2𝐿2
∞
𝑘=1 )
2 
(15) 
 
At very low frequencies, these expressions will approximate the known DC values of a resistance and 
inductance shown in Eqs. (16) and (17). 
 
𝑅 =
𝑙
𝜎𝐴
 
(16) 
 
𝐿 =
𝜇𝑙
4𝜋
 
(17) 
To verify the validity of the above methods, the calculated values are compared to FEA simulated 
values. The expressions are implemented in MATLAB. A frequency sweep simulation is conducted for a 
solder ball of 8 mil height and 8 mil radius in ANSYS Q3D. The sweep is conducted for 0 to 1 GHz since 
higher frequency validation is not necessary for the power module simulations of interest. Fig. 6 illustrates 
the changing resistance and Fig. 7 illustrates the changing inductance. 
The resistance model appears to agree well with FEA data. The resistance expression is a suitable 
method for prediction and has the added benefit for executing much faster. It is also of note that the skin 
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effect on resistance cannot be neglected in solder balls. At the 1 MHz point, there is a 93% error between 
the DC resistance and the resistance from the skin effect.  
 
Figure 6. Resistance from skin effect model and ANSYS Q3D analysis diverges from DC values. 
 
The inductance model does not appear to agree well with FEA data. While the curve of the trace 
follows the change in simulation values at lower frequencies, the overall values of the skin effect equation 
deviates by the 100 MHz point. By the 500 MHz, there is a 98% error between skin effect equations and 
the simulated values. This discrepancy is investigated by comparing the calculated data from this work 
with the inductance data from [12] (Figure 8). The log plots show similar trends, especially the 0.1 mm 
radius wire which is closest in size to the solder balls. According to Fig. 8 (a), the inductance decreases 
by approximately 3 orders of magnitude over its frequency range which is more compatible with the 
findings from Fig. 8 (b) and the skin effect equation trace in (Figure 7)  This leads to the conclusion that 
it is not a calculation error and is instead a model error. One possibility for this model’s divergence is that 
the inductance equation used in the Fourier expressions was for an infinitely thin wire compared to its 
 17 
 
length. This is not the case for solder balls. Also of note is that although the self-inductance equation, Eq. 
(9), does not change with frequency, it remains below 5% error from the simulated values up to 1 GHz. 
 
Figure 7. Inductance comparison of skin effect model with ANSYS Q3D analysis and DC values. 
 
 
             (a)                      (b) 
Figure 8. A comparison of inductance model results from (a) [12] and (b) replicated calculation shows a 
similar decrease in magnitude over frequency. 
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In summary, the expression for resistance from skin effect is validated by FEA data; however, the 
expression for inductance is not. One possibility for use of this information is to combine the approaches 
thus far. The skin effect resistance expression and Section II, Subsection C’s self-inductance expression 
(Eqs. (9) and (14)) could be used in tandem to provide accurate data in a time and resource effective 
manner. 
 
IV. SBA TOTAL INDUCTANCE 
Magnetic coupling between solder balls will also play a non-negligible role in the total inductance of 
a SBA. The array must be solved for parallel self-inductances along with the mutual inductance present 
from every solder ball coupling combination. A formulaic model for total inductance is found and 
compared with 3D simulations performed in ANSYS Electromagnetics Suite.  
 
A. Mutual Inductance Formula 
Each solder ball of the array has a distance-dependent mutual inductance with every other solder ball. 
Eq. (18) is the mutual inductance formula of two cylindrical wires found in [9]. This formula is valid if 
both wires have the same dimensions, which is applicable for this investigation.  
 
𝑀 =
𝜇0
2𝜋
[𝑙 ∗ log(𝑊 + 𝑙) − 𝑙 ∗ log 𝑑 − 𝑊 + 𝑑 +
𝑅2
4𝑑
] 
(18) 
 𝑊 = √𝑙2 + 𝑑2 + 𝑅2 
 
(19) 
where log is the natural logarithm, 𝑙 is the length of the wires, R is their radii, 𝑑 is the distance between 
the wire midpoints, and 𝜇0 is the permeability of free space. 
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B. Total Inductance Formula 
The total inductance formula for the SBA neglects resistance due to the scope of this paper. Figure 
2Figure 9 is a representation of the inductance network of an N-interconnect SBA. 
 
Figure 9. SBA inductance network representation for array of N solder balls. Intermediate coupling is omitted 
for simplicity. 
 
There are N inductance terms for every solder ball: a self-inductance term (L) and a mutual inductance 
term for every other solder ball (M). With every mutual inductance value calculated, the total network 
inductance is solved by setting up a KVL system of equations [13]. 
 
𝑣𝑠 = 𝐿1
𝑑𝑖1
𝑑𝑡
+ 𝑀12
𝑑𝑖2
𝑑𝑡
+ ⋯+ 𝑀1𝑁
𝑑𝑖𝑁
𝑑𝑡
 
(20) 
 
𝑣𝑠 = 𝑀12
𝑑𝑖1
𝑑𝑡
+ 𝐿2
𝑑𝑖2
𝑑𝑡
+ ⋯+ 𝑀2𝑁
𝑑𝑖𝑁
𝑑𝑡
 
(21) 
       
. . .  
 
 
𝑣𝑠 = 𝑀1𝑁
𝑑𝑖1
𝑑𝑡
+ 𝑀2𝑁
𝑑𝑖2
𝑑𝑡
+ ⋯+ 𝐿𝑁
𝑑𝑖𝑁
𝑑𝑡
 
(22) 
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𝑣?̅? = [
𝐿1 𝑀12 ⋯ 𝑀1𝑁
𝑀12 𝐿2 ⋯ 𝑀2𝑁
⋮ ⋮ ⋱ ⋮
𝑀1𝑁 𝑀2𝑁 ⋯ 𝐿𝑁
] ∙
[
 
 
 
 
 
 
𝑑𝑖1
𝑑𝑡
𝑑𝑖2
𝑑𝑡
⋮
𝑑𝑖𝑁
𝑑𝑡 ]
 
 
 
 
 
 
= ?̅?
𝑑𝑖1,2,…,𝑁
𝑑𝑡
̅̅ ̅̅ ̅̅ ̅̅ ̅̅
 (23) 
The system is solved in a straightforward manner with every symmetrical rectangular array. First, take 
the inverse of the inductance coefficient matrix, ?̅? found in equation (23). The inductance matrix is square 
of N x N dimension. Next, multiply both sides of the equation with the inverse as seen in Eq. (24).  
 
?̅?−1𝑣?̅? =
𝑑𝑖1,2,…,𝑁
𝑑𝑡
̅̅ ̅̅ ̅̅ ̅̅ ̅̅
 
(24) 
Using KCL, the current derivatives of each branch are summed together in Eq. (25) to find the source 
current derivative. Performing this action on Eq. (26) is the equivalent of summing each element in the 
inverse of the inductance coefficient matrix. Factor 𝑣𝑠 from every matrix element and the result is Eq. 
(27). 
 𝑑𝑖
𝑑𝑡
=
𝑑𝑖1
𝑑𝑡
+
𝑑𝑖2
𝑑𝑡
+ ⋯+
𝑑𝑖𝑁
𝑑𝑡
 
(25) 
 
(∑∑𝐿𝑖𝑗
−1
𝑁
𝑗=1
𝑁
𝑖=1
) ∙ 𝑣𝑠 =
𝑑𝑖
𝑑𝑡
 
(26) 
Finally, solving for 𝑣𝑠  in Eq. (27) will provide the familiar 𝐿
𝑑𝑖
𝑑𝑡
 relationship. 
 
𝑣𝑠 =
1
(∑ ∑ 𝐿𝑖𝑗
−1𝑁
𝑗=1
𝑁
𝑖=1 )
∙
𝑑𝑖
𝑑𝑡
= 𝐿𝑇
𝑑𝑖
𝑑𝑡
 
(27) 
 
𝐿𝑇 may now be observed as the general Eq. (28) of total inductance for an SBA.  
 
𝐿𝑇 =
1
(∑ ∑ 𝐿𝑖𝑗
−1𝑁
𝑗=1
𝑁
𝑖=1 )
 
(28) 
 21 
 
C. Calculations Using Formulas 
All calculations are again performed in MATLAB. Once the geometry of SBA interconnects is chosen 
based upon design preference and reflow procedure, total inductance calculations are dependent upon 
interconnect amount, formation, and distance. From the results of the Section II, solder balls of 8 mil 
height and 8 mil radius have reasonable geometry and acceptably low percent error between formula and 
simulation, so they are used across all arrays.  It is assumed that every array is rectangular and distance is 
constant between horizontally and vertically adjacent interconnects. The calculation is accomplished with 
nested for loops and is transferrable to any programming language. The results of a 3 x 3 array calculation 
is shown in Figure 11. 
 
D. 3D SBA Modeling 
The SBAs are modeled in Solidworks (Figure 10) and simulated in ANSYS Q3D. Distance between 
interconnects is the variable for this simulation of magnetic coupling. Each array holds solder ball 
geometry constant. As with the calculations, solder balls of 8 mil height and 8 mil radius are used across 
all arrays. The source and sink faces of the solder balls are connected by a plane with 0.1 µm thickness. 
This is the minimum thickness to model and will have the least effect on simulated inductance of the array. 
The plane is necessary because ANSYS Q3D must have a continuous conductor for signal net excitations.   
 
 
Figure 10. 3D model of a 9-interconnect SBA is created in Solidworks and simulated in ANSYS Q3D. 
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Figure 11. Total inductance is dependent on distance in a 3 x 3 Array. This plot compares the results using the 
formula for an array of cylindrical wire to simulated spherical interconnects. 
 
TABLE 1. SIMULATED TOTAL INDUCTANCE OF 3X3 SBA. 
Distance (mils) Inductance (pH) 
20 8.097 
30 6.366 
40 5.513 
50 5.006 
 
E. Simulation Parameters and Results 
Similar to the self-inductance simulations, the models are imported into ANSYS Q3D Extractor. The 
planes of the SBAs are chosen as the source and sink excitations. They are run to extract AC inductance 
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and resistance at 500 kHz. Each simulation completes 10 passes to refine the data. The inductance results 
of the simulations are shown in Table 3. The results are reasonable as a decrease in total inductance is 
observed with an increase in solder ball distance. 
 
F. Comparison of Results 
A comparison of the simulated and calculated results is shown in Figure 11.  The inductance difference 
between calculation and simulation for all distances of the array is less than 2 pH, which is approximately 
20% error across all distances. This affirms that the mathematical model follows closely to the trend line 
of the simulations.  
The signal planes of the simulation may exert a non-negligible influence on the coupling behavior of 
the interconnects. This could account for some amount of the percent error. One solution to improve the 
formula may be to scale it by the average percent error added to 100%. Data from the test of a real power 
module’s parasitic parameters may inform this suggestion. 
 
V. SBA EXPERIMENT 
A. Experimental Procedure 
One of the goals of this paper is to validate the preceding mathematical model and simulations against 
experimental data. This is accomplished by designing and fabricating an SBA test fixture, taking 
measurements with a vector network analyzer (VNA), and extracting impedance data from the 
measurements. This section will clarify the procedures of each step so that it is a repeatable process. The 
experimental results will be presented in the following section. 
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B. Design and Fabrication Procedure 
The strategy for designing the SBA test fixture is informed by the application of the SBA and the 
measurement device. The SBA under consideration is for use in flip-chip power modules. More 
specifically, they are the interconnects for MOSFET die. In this topology, solder mask is applied to the 
rectangular drain and source terminals so that each has an array cluster. For this reason, the test fixture is 
designed such that four solder balls are applied equidistantly to a square copper pad. The fixture must also 
have ports so that a measurement device may be connected. An SMA jack is chosen so that a VNA or a 
time domain reflectometer (TDR) may be used. Four mechanical holes allow for two fixtures to be secured 
together. A 12 mil micro strip line bridges the pad and connector. Finally, the bottom of the fixture is a 
ground plane. Fig. 12 is the fixture PCB design created in Allegro. 
  
Figure 12. PCB created for test fixutre of 2X2 SBA. 
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Once the PCB art and drill files have been generated, the fabrication of the fixture is accomplished by 
milling a substrate, applying a solder mask, reflowing the solder balls, and attaching the SMA connectors. 
The first step in fabricating the fixture is to use a CNC milling machine to drill an FR-4 copper cladded 
substrate. The top copper of the substrate should be rubbed out in locations with no essential connections. 
Next, a solder mask is applied to the SBA pad using photolithography. The steps for creating the solder 
mask are as follows: 
1.Apply the solder mask. In a yellow light room, begin by cutting the solder mask to a slightly 
larger size than the SBA pad. Remove the Mylar and place on the top of the substrate. Use a 
laminator at 100 °C to laminate the substrate and solder mask (Fig. 13).  
2.Place and align the photo mask on top of the solder mask.  
3.Expose the substrate with the mask on it to UV light for 2.5 minutes. Remove the photo 
mask. Place substrate in developer solution for 5-7 minutes or until holes are open.  
4.Expose the solder mask to natural light for 24 hours before soldering. 
Next, the solder balls are reflowed in two steps: reflowing the solder balls to one fixture and reflowing 
the solder balls again to the second fixture. First, apply solder paste to the holes in the solder mask. Only 
apply enough to cover the exposed pad. Next, place the solder balls on top of the solder paste. Place the 
fixture in a reflow oven with the solder paste temperature profile. The paste should be chosen such that  
Figure 13. Process of applying solder mask to test fixture consists of 
(a) application of mask, (b) photo mask, (c) mask with exposed 
holes. 
(a) 
(b) (c) 
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Figure 16. Solder balls are reflowed to open test fixture pad. 
 
 
Figure 17.   Solder balls are reflowed between two test fixtures creating a through load.  
Figure 15. SMA probe is clipped and 
soldered. 
Figure 14. SMA ground is soldered to 
ground plane. 
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it will reflow at a lower temperature than the solder ball. Fig. 16 illustrates the outcome of reflowed solder 
balls. To complete the connection of the fixtures together, repeat the application of solder paste to the non-
reflowed fixture. Secure the two sides together with screws and place them in the oven for a second reflow 
(Fig. 17).  
Finally, attach the SMA connectors. Clip any extruding pins through the top side such that they are 
flush with the top surface. The SMA connections can be soldered with a soldering iron. Figs. 14 and 15 
demonstrate the center pin and ground plane connections, respectively. 
After completion of fabrication, there are two testing setups: setup A is the two fixtures attached by 
reflowed solder balls and setup B is a fixture with no solder balls. Having both is necessary to complete 
experimental measurements.  
  
C. Measurement Procedure 
The two test setups will be measured using a VNA. It performs the measurements by providing a 
stimulus signal to a network port and tracking the response at the same port or an opposing port in the 
network. The amplitude and phase response are recorded and represented by the scattering, or S-
parameters. Anderson [14] provides a helpful summary of these parameters. For a two-port network, there 
are four possible S parameter values: S11, S12, S21, and S22. S11 is the response measured at port 1 from an 
excitation at port 1, also known as the input reflection coefficient. S22 is the response measured at port 2 
from an excitation at port 2, also known as the output reflection coefficient. S12 is the response measured 
at port 1 from an excitation at port 2, also known as the reverse insertion gain. S21 is the response measured 
at port 2 from an excitation at port 1, also known as the forward insertion gain. The mathematical 
representation of these parameters is 
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𝑆11 =
𝑏1
𝑎1
|𝑎2=0  (29) 
 
𝑆22 =
𝑏2
𝑎2
|𝑎1=0 
(30) 
 
𝑆21 =
𝑏2
𝑎1
|𝑎2=0 
(31) 
 
𝑆11 =
𝑏1
𝑎2
|𝑎1=0 
(32) 
where a and b are the voltage wave incident on port i, also given as 
 
𝑎𝑖 =
𝑉𝑖 + 𝑍𝑖𝐼𝑖
2√|𝑅𝑒𝑍𝑖|
 
(33) 
 
𝑏𝑖 =
𝑉𝑖 − 𝑍𝑖
∗𝐼𝑖
2√|𝑅𝑒𝑍𝑖|
 
(34) 
The input impedance at port 1 can then be found by its S11 parameters and the characteristic impedance 
of the network, Z0 
 
𝑍1 = 𝑍0
(1 + 𝑆11)
(1 − 𝑆11)
 
(35) 
The inductance values of the SBA are expected to be in the tens of picoHenrys range, so calibration is 
performed to de-embed the impedance of all VNA connections up to the fixtures. In calibration, 
attachments of short, open, load, and through are added to the VNA cables terminated by SMA connectors. 
Software is used to save the profiles of each calibration so that they are applied during testing. The fixtures 
must be de-embedded from the measurements so the SBA impedance is all that remains. Setup A is 
measured by its S11 parameters for the purpose of de-embedding from the SBA setup (Figure 18). Setup 
B is measured using two ports so that its S11, S12, S21, and S22 parameters are extracted (Figure 19).  
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Figure 18. Open test fixture (Setup A) is measured by VNA. 
 
Figure 19. Through-load test fixture (Setup B) is measured by VNA. 
 
D. Software-based Data Extraction 
The data gathered from the VNA is evaluated in software for the purpose of de-embedding the test 
fixtures. Without de-embedding, the impedance measured with the VNA includes that from the fixture 
board’s transmission lines. This cannot be neglected as their impedance is much greater than the 
impedance of the SBA. The process for impedance extraction is as follows:  
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1. Create equivalent fixture models in Advanced Design System (ADS).  
2. Refine the model material parameters until data agrees for frequency response of a one-port 
measurement. 
3. Convert one-port validated model to two-port through model. 
4. Using two-port model, de-embed the SBA S-parameters in MATLAB. 
5. Convert SBA S-parameters to impedance. 
1) Create Equivalent Fixture Models 
The test fixtures are replicated in ADS software because it provides an opportunity to extract port 
measurements where it may not have been feasible in an experiment. For example, the open test fixture 
with no SBA does not have the accessibility to conduct an S12 or S21 measurement. ADS can provide an 
equivalent circuit of the fixture as is and a theoretical port added to the opposite side. Refer to Figure 20 
and 23 for the equivalent one port and two port circuits, respectively. 
 
 
Figure 20. One-port open test fixture is modeled using ADS. 
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2) Refine the Model Material Parameters 
The ADS equivalent circuits are only useful if they are designed to closely agree with measured data. 
This is accomplished by tuning the software parameters of the material. This includes conductivity, 
surface roughness, loss tangent, dielectric constant of the substrate, etc. Figure 21 demonstrates the most 
accurate one-port model derived in ADS. The simulated data appears to be valid approximately up to the 
2.5 GHz range, but Figure 22 shows that the imaginary part of the S-parameters diverges beyond 10% 
error for frequencies above approximately 1.8 GHz. Therefore, the ADS model will be used as a de-
embedding tool only for frequencies up to 1.8 GHz. 
 
 
Figure 21. ADS model parameters are tuned to emulate measured data. 
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Figure 22. Percent error between model and measured S-parameters’ real and imaginary parts increases with 
frequency. 
 
3) Convert one-port validated model to two-port through model 
S21 and S12 models are needed to de-embed the SBA from the test setup. The S11 model is not 
sufficient because it is not through-load as in Figure 19. Subsection 2 demonstrates that the ADS fixture 
layout and material parameters are within 10% accuracy up to 1.8 GHz, so they are the basis for 
generating S21 and S12 parameters. This is accomplished by connecting a second port at the pad 
component of the model as seen in Figure 23. 
 
 
Figure 23. An ADS model is created for a two-port equivalent of the open test fixture. 
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4) De-embed the SBA S-parameters 
After converting the one-port model to two ports in ADS, MATLAB is used to extract the model data 
to provide meaningful results of the SBA test structure. De-embedding the SBA S-parameters requires 
two MATLAB functions. First, a function to convert the open fixture model’s S parameters to create the 
left and right side of the measured data structure seen in the S1 and S3 blocks in Figure 24. Second, a 
function to de-embed the SBA from the measured through-port data represented by block S2. The 
“snp2smp” function effectively swaps the ports of the open-ended fixture so that the two copper pads to 
which the SBA is reflowed are oriented properly. The “deembedsparams” function de-embeds the two 
input S-parameter objects from a third overall input S-parameter object and returns the de-embedded data. 
In Figure 24, S2 DUT represents the output data after S1 and S3 are de-embedded from S. 
 
Figure 24. MATLAB de-embedding function extracts S-parameters of DUT. 
 
5) Convert SBA S-parameters to impedance 
Once the S-parameters of the DUT have been de-embedded, the SBA’s S-parameters are converted to 
Y-parameters, also known as admittance parameters. Reveyrand and Frickey [15],  [16] provide a set of 
formulas for this type of conversion for a multiport circuit. The MATLAB function “s2y” [17] is used to 
perform the conversion. This is further converted to impedance by taking the inverse. The resistance is 
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found by taking the real part of the array (36) and the reactance is found by taking the imaginary part and 
dividing by the angular frequency (38), (39). 
 𝑅 = 𝑅𝑒{𝑍} (36) 
 𝑋 = 𝐼𝑚{𝑍} (38) 
 
𝐿 =
𝑋𝐿
𝜔
 
(39) 
The results of the MATLAB operations for resistance and reactance are seen in Figs. 25 and 26, 
respectively. A percent error graph for the ADS model vs. measurements is provided in Figure 22 to 
provide context for the deviance in results. This is discussed further in the following section. 
 
Figure 25. De-embedded resistance values of measurement. 
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Figure 26. De-embedded reactance values of measurement. 
 
 
E. Discussion of Experimental Results 
It is once again apparent that the results of de-embedding become incoherent after approximately 1.8 
GHz. Figure 22 demonstrates that real impedance error between models begins to increase sharply after 
this point. The author asserts that it is due to the inability of the ADS model to emulate the fixture 
parameters after this frequency. Data under this frequency appears to have coherent and consistent results. 
If the data is examined more closely up to the 1.5 GHz point, trends can be seen more clearly. Figure 27 
shows that there is an almost linear increase in resistance through this frequency range. This agrees with 
the trend found in Fig. 6 of Section III where the skin effect on solder balls was evaluated. 
The extracted reactance of the DUT is less straightforward (Figure 28). At low frequencies, the 
reactance is negative which implies that the capacitance of the test fixture is dominating. After 600 MHz, 
the reactance becomes positive and the inductance plays a more prominent role in the impedance of the 
DUT. According to the plot, the inductance measurement reaches a maximum of approximately 1.3 nH 
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before the data becomes inconsistent after the 1.8 GHz point. The data is compared to SBA models built 
from the data calculated by equations in Section II, Subsection B. The standoff height of the fabricated 
SBA fixture is used to calculate the solder ball radius. The parameters to emulate the fixture are found in   
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TABLE 2. With these values, a mathematical and simulated model is constructed as done previously. 
A comparison is made between all the evaluation methods for SBA inductance in TABLE 3. The measured 
value is two orders of magnitude greater than the calculated and simulated results. This is a significant 
difference and does not correspond to the calculated and measured results.  
It is the author’s assertion that the test fixture of the SBA is imperfect and in need of refinement. There 
are several possible explanations as to why there is significant deviation in the experimental values that 
do not invalidate the proposed evaluation methods. One possibility is that the test fixtures have different 
impedances due to inconsistencies in fabrication. These inconsistencies include variation in trace width 
and solder connections of the SMA connector. It is recommended that S11 measurements be taken of all 
fixtures of the SBA test structure before they are reflowed together by the solder balls. It is an error that 
this was not done for this experiment. Another possibility is the signal to the tested SBA created 
unforeseen parasitic effects due to its directional nature. That is to say, the excitation from the VNA was 
perpendicular to the solder balls, whereas the ANSYS Q3D simulation assumed a parallel excitation at 
the top and bottom of the copper pads. Finally, there could be a combination of the two explanations. 
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TABLE 2. SOLDER BALL GEOMETRY PARAMETERS. 
Parameter 
Standoff Height 
(mils) Radius (mils) Pitch (mils) Array 
Value 20.5 15.8 60 2x2 
 
TABLE 3. COMPARISON OF CALCULATION, SIMULATION, AND MEASUREMENT FOR A 
4X4 SBA. 
Method Inductance (@ 1.25 GHz) 
Calculation 30.2 pH 
Simulation 34.3 pH 
Measurement 1.3 nH 
 
 
Figure 27. Resistance measurement for valid frequency range. 
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Figure 28. Inductance measurement for valid frequency range. 
 
VI. FUTURE WORK 
This work focuses on the inductance of solder balls and solder ball arrays with some attention given 
to their resistance with frequency; however, the impedance profile of SBAs is incomplete. Explorations 
into capacitance of the arrays is needed to fully realize a complete model. Adding calculated capacitance 
into the model would benefit software such as PowerSynth and would inform evaluations of measured 
data. Zhang and Fan [18] provide a lumped capacitance model that may be useful in completing a future 
RLC model similar to work by Jin et al. [19].   
As discussed earlier, the experimental data is not sufficient to validate the proposed characterization 
methods. More work may be done to refine the test fixtures and procedures such that the measured data is 
more insightful. This work includes fabrication of test fixtures by reputable PCB manufacturers to cut 
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down inconsistencies caused by the CNC milling machine, refining the fixture layout to emulate power 
module excitation of SBAs, and measuring open fixtures before attachment by reflowed solder balls. 
 
VII. CONCLUSIONS 
The mathematical models established in this paper to predict the inductance of reflowed solder balls 
and SBAs are validated by FEA performed in ANSYS Electromagnetics Suite, but not by experimental 
data. According to simulation data, a cylindrical short wire formula will reliably approximate a single, 
ideal, reflowed solder ball. Likewise, the formula for mutual inductance of two cylindrical wires is 
sufficient to approximate the magnetic coupling between two interconnects in a SBA. These calculated 
values can then be used to solve a network of interconnects for total inductance using matrix operations. 
The result of total array inductance error is approximately 20% across all distances for values in the 
picoHenry range.  
This method of finding parasitic inductance for 3D architectures is well suited for implementation into 
software platforms such as PowerSynth. The characterization model may be improved with an additional 
capacitance parameter. More effort into experimental validation of the model is necessary. Future testing 
of real modules with identical 3D architectures will be useful in refining the models presented in this 
paper. 
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